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O ■ The results of EXAFS measurements at 300 K for the superconducting com- 
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pounds Tlo.75Cuo.25Ba 2 Ca3Cu40j / [Tl-1234], TlBa 2 Ca 3 Cu 4 (\ [Tl-1212], and 
CuBa2Ca3Cu40^ [Cu-1234]. are reported. We have measured the EXAFS 
spectrum for Tl .7 5 Cuo.25Ba 2 Ca3Cu40 2/ in the range 10K-300K, however here 
we limit our discussion to the spectrum at 300 K. This material is prepared un- 
der high pressure [3.5 GPa] from precursors with small carbon concentrations 
and exhibits a T c of 127 K. We have also performed "aging" study by looking 



at XRD for this material after approximately one year. The XRD results at 
300 K are "unchanged". It is of interest to compare the EXAFS spectrum of 
this compound with the corresponding compound Cu-1234. Remarks on the 
choice of appropriate EXAFS standard for this and related compounds are also 
given. Based on our data analysis we quantify disorder in these systems. By 
using the Cu-O in-plane distance we give values for the microstrain parameter, 
which can be related to the charge ordering transition. 
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I. INTRODUCTION 



This one of a series of papers where we report on the EXAFS XANES spectra and XRD 
of the TlBaaCan-iCunOy [n=2,3,4,5], [Tl-12n(n+l)] and CuBaaCa^CunOy [n=2,3,4,5], 
[Cu-12n(n+l)] [jT]. Here we mainly concentrate on the EXAFS spectra of TlBa 2 Ca3Cu40 ?/ 
[TI- 1234], CuBa 2 Ca 3 Cu 4 0j / [Cu- 1234], TlBa 2 Ca 2 Cu 3 O y [Tl-1223] and TlBaaCaiCuaO^ [Tl- 
1212] at room temperature. One of our purpose is to establish good theoretical and ex- 
perimental "standards" for these systems. We assume for the purposes of this note the 
experimental standards to be Tl-1212 and Tl-1223. For the Cu-12n(n+l) compounds it 
would be reasonable to choose Cu- 12 12 and Cu- 1223 with appropriate nominal compositions 
as standards. However we have not yet measured the spectra for Cu-1212 and Cu-1223. 
Thus we tentatively utilize Tl-1212 and TU223. The theoretical standards are calculated 
with FEFF 8.10. However all the calculations are preliminary. 

From the studies of these families it is generally concluded that both are isostructural 
to each other except for the position of oxygen in the charge reservoir layer. It is also assumed 
that TI affects the synthesis parameters and by changing its valence state varies the number 
of carriers and oxygen content in the convenţional Tl-based superconductors [^]. 

For the family TlBa 2 Ca„_iCu n 3+2n the n=2 [i.e. Tl-1212] and n=3 [i.e. Tl-1223] 
we have tentatively used the refined single crystal x-ray diffraction data reported in [[| 
[Tables 6 and 8 page 30 of ||] for our theoretical calculations performed by FEFF 8.10. 
The listed crystallographic data [at room temperature] is for Tl-1212 [nominal composi- 
tion [TlBa 2 (Cao. 8 3Tl . 17 )Cu 2 6 . 7 5] the T c = 103 K, a= 3.8566(4) Â, and c= 12.754(2) Â. 
The listed crystallographic data [at room temperature] is for Tl-1223 [nominal composition 
[TlBa 2 (Ca .95Tlo.o5) 2 Cu 2 6 . 75 ] the T c = 103 K, a= 3.853(1) Â, and c= 15.913(4) Â. For this 
family [TIO monolayer] compounds the symmetry groups is primitive tetragonal P4/mmm. 
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We note that our sample TI- 12 12 has a nominal composition Tlo.75 Cuo.25 Ba2 Ca CU2 O7, 
and the T c = 100 K. The sample Tl-1234 has a nominal composition Tlo.75 Cuo.25 Ba2 Ca 3 
CU4 Ou, with T c = 127 K and lattice parameters a= 3.848 Â, and c= 19.08 Â. The sample 
Cu- 1234 has a nominal composition Cuo.68 C0.32 Ba 2 Ca 3 CU4 Ou, with T c = 117 K, the 
lattice parameters circ cL — 3.859 Â, and c= 17.95 Â. 

Previous EXAFS study || claims local structural changes [for Tl-1234] occuring around 
T c and pair distribution function (PDF) analysis of pulsed neutron scattering || also suggests 
that electron-lattice interaction may be involved in the mechanism of super conduct ivity. In 
contrast no discontinuity or significant structural change is observed through T c in refined 
parameters for each of the compounds Tl-2201 and Tl-2223. Thus this was one of our 
motivation to take a look at the temperature dependent EXAFS, XANES and XRD study of 
Tl-1234. However we must keep in mind that EXAFS is sensitive to local dynamical changes 
on the order of IO -15 s and hence could detect a phonon anomaly around T c whereas XRD 
cannot probe such a change. 

The purpose of this note is to report the results of measurements of Tl-1234 system, 
and also of Tl-1212, Tl-1223 and Cu-1234. We have chosen this set since we want to cre- 
ate an appropriate experimental and theoretical standard for the family TlBa2Ca ri _ 1 Cu n O ?/ 
[n=2,3,4] and related materials. To this end we have worked within this family, and Cu-1234 
since it is isostructural to T1-1234Q. In particular we try to self-consistently study the Cu-O 
bond, both in-plane and apical. Yet another motivation is to quantify disorder within this 
system. Once the Cu-O bond is determined one can make a prediction for charge ordering 
transitions. 

The set-up of this paper is as follows, in the next section we outline some experimental 



*Cu-1234 has several advantages || 
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details, section three deals with results and discussion and finally we state the conclusions. 

II. EXPERIMENTAL 
A. Sample 

The samples TlBa 2 Ca n _iCu n O î/ [n=3,4] with T c = 133.5 K for n=3 and T c = 127 K 
for n=4 [after post-annealing under nitrogen flow] have been syntheisized under a pressure 
of 3.5 GPa using precursors with small residual carbon concentrations by A. Iyo et al. |J. 
It is suggested that the supression of the substitution of TI for Ba and Ca sites is mainly 
responsible for the T c enhancement IJ. Details of sample preparation can be found in 
0. The sample was heated at 850 °C ~ 950 °C for 2 hours under a pressure of 3.5 GPa 
using a cubic-anvil-type apparatus [Riken CAP-07]. The as synthesized Tl-1223 and Tl-1234 
exhibited over-doping state, and T c of 100 K and 120 K respectively. Thus post-annealing 
under nitrogen gas was employed to enhance the doping state by reducing the oxygen content. 
Annealing time depends on annealing temperature and the following sequence was employed 
650 °C for 6-12 hours, 675 °C for 1-2 hours or 700 °C for 0.5-1 hours for polycrystalline 
samples of approximate mass 50 mg. Thus a post-annealing at temperatures about 50 °C 
above 650 °C are optimal for T c enhancements. We have performed x-ray diffraction [XRD] 
measurement on Tl-1234 after approximately one year after it was prepared and compared 
to the XRD results obtained just after preparation, and found no change. 

B. EXAFS Measurements 

The EXAFS and XANES measurements were conducted at beamline B13-B1 at the 
Photon Factory (PF), Tsukuba, in the Fluorescence mode. The electron beam energy was 
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2.5 GeV and the maximum stored current is 400 mA. EXAFS data was collected using fixed- 
exit double crystal Si(lll) monochromator. The first crystal is a water-cooled nat Si(lll) 
monochromator and the second crystal is sagitally bent to focus the horizontal beam over = 
2 mrad, Fig. |I|. A 19-element solid state detector was used to collect the flourescence signal. 
The large number of detectors allows us to cover a sizeable amount of the solid angle of the 
x-ray flourescence emission in addition to giving a high signal to noise ratio. 

III. RESULTS AND DISCUSSION 

As is known the EXAFS amplitude can be written as 

X(k) = ^£3A îC os 2 (^[S 7(^ 2 )^ (1) 

The value Ni labels the equivalent number of neigboring atoms to the absorbing atoms, at 
a distance Ri and angle 9i with respect to the polarized electric field vector of synchrotron 
radiation. The backscattering amplitude is fi(k,Ri), the photoelectron mean free path is 
A, the correlated Debye-Wallar factor of the absorb ing-backscattering atoms is called of, Sq 
[NF] represents the amplitude correction factor due to the electron correlations and Si is the 
value of phase shift. The oscillatory part x{k) i n Eq. [î] is defined relative to smooth atomic 
background absorption Hq{E), 

X= {n-Ho)ll*o. (2) 

The Fourier transform [FT] of the k-space [oscillatory] data produces peaks in real space [r- 
space]. These peaks correspond to neighbours at various radial distances from the absorbing 
atom, or the central atom. 



5 



The experimental raw data is converted to x{k) using Adal[|. We note that we the 
E value we have used in Adal is 8.9803 keV. The x{k) obtained by using Adal is then fed 
into Ada2.5f]. The numerical values for iVj and <7j are obtained by performing iterated 
least-square fits of the real and imaginary parts of the FT of x{k) ^° a FEFF6.01a generated 
theoretical data^. As it is known, a common problem in XAFS data analysis is too many 
fitting parameters if the fit includes further shells in a complicated system. For example, 
if we want to fit in the k-space range 3.0 ~ 13.0 Â" 1 and take r-space as 1.0 ~ 4.0 Â we 
obtain as an estimate 2(Afc)(Ar)/7T + 2 « 21 parameters to be fitted. In a typical system 
such as YBCO one needs 24 [assuming 8 pairs] or more fitting parameters, even if fix the 
edge energy. Thus a constrained fit, in general, is required in XAFS data analysis. 

Figs. 0-[5] show the raw data obtained as result of our measurements for Tl-1234, Tl- 
1212, Tl-1223 and Cu-1234 respectively. Figs. |6|-p~Q| are the x(^) results of theoretical cal- 
culations using FEFF8.10, for Tl-1234, Tl-1212, Tl-1223, Cu-1234 and Cu-1234 [with and 
without] calcium respectively. The structure near k ~ — 2.5 Ă~ x in Fig. |6|for Tl-1234 is due 
mainly due to thallium, we verified this by excluding thallium and found that the peak near 
k ~ 0.5 — 1.0 Â _1 disappeared. From our raw data we can naively say that data quality of 
Tl-1212 relative to Tl-1223, Tl-1234 and Cu-1234 is slightly inferior and must be improved. 

The following results were obtained using Ada2.5. We want to get an estimate for 
'static' disorder for TlBa 2 Ca n _iCu n O î/ [n=2,3,4] family and Cu-1234 associated with Cu-O 
in-plane bond. We obtain the following Cu-O in-plane results for the various systems. For 



XAFS program developed by H. Oyanagi to normalize, subtract EXAFS and XANES data 
and to produce from the EXAFS data 

■^A XAFS program developed by H. Oyanagi 

§Unfortunately Ada2.5 has not been updated to accept current FEFF8.10 input. 
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Tl-1212 Cu-O(l)0 distance from XRD is 1.929 Â @. We obtain N = 3.78, r = 1.929 Â, 
o = 0.08172, 5E = 5 eV and NF=0.82435. Values for Tl-1223 are: N = 3.77, r = 
1.927 - 1.9265 Â, a = 0.08572, 5E = 5 eV and NF=0.82435. In the case of TI- 1234 the 
values are: N = 3.76, r = 1.908 Â, a = 0.095, SE = 5 eV and NF=0.82435. The Cu-1234 
the values are: N = 3.76, r = 1.927 Â, a = 0.0914, SE = 5 eV and NF=0.82435. The r 
value which gives the best fit in case of Cu-1234 is the same value quoted in || for nominal 
composition Cu .68 C0.32 Ba 2 Ca 3 Cu 4 Ou, which is the same composition of the sample 
we used in our measurements. This provides a crude check on our analysis. Since all the 
materials were measured at the approximately same temperature [i.e. 300 K], we can see 
that the change in a can be related to static disorder. Thus taking the Tl-1212 as a standard, 
we can say that there is approximately a 4.89% change in a in Tl-1223, a 16.25% change 
in o in Tl-1234 and roughly a 11.85% o increase in Cu-1234. This implies [roughly] that 
the Cu-O in plane bond is associated with greater static disorder in Tl-1234 compared to 
Cu-1234. 

Next we consider the Cu-O apical bond. We assume that DWF is approximately 
unchanged from the Cu-O in-plane result. The following results are obtained: For Tl-1212 
N — 1.0, r = 2.89 Â, a = 0.08172, 5E = 5 eV and NF=0.82435. In case of Tl-1223 
N = 1.0, r = 2.85 Â, a = 0.085, 5E = 5 eV and NF=0.82435. For Tl-1234 the values 
are: N = 0.26, r = 2.76 Â, a = 0.095, 5E = 5 eV and NF=0.82435. In case of Cu-1234 
N = 0.86, r = 2.45 Â, a = 0.0914, 5E = 5 eV and NF=0.82435. 

One of our motivation for studying the EXAFS, XANES and XRD of cuprates is to 
understand the electron-lattice interactions and their possible role [if any] in the mechanism 
of superconductivity in these materials. Yet another factor is to understand stripes and 



**To be consistent we use the notation of the cited paper 
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more generally charge ordering. A possible parameter which may quantify charge ordering 
is microstrain. We define [a la A. Bianconi JŢ|] the microstrain parameter for the Cu-O bond 
e, where 

e = 2(1 - R Cu _ /do) (3) 

here do = 1.985 ±0.05 Â, which is taken an indication if a system will develop a charge order. 
EXAFS experiments seem to indicate that certain materials may not show stripe phase if 
the microstrain e is less than a certain criticai value = 0.045. Putting in the values given in 
H R Cu Q = 1.901, 1.904, 1.907, 1.907, 1.912, 1.904 Â at 10 K, 100 K, 117 K, 127 K, 135 
K, 156 K respectively in Eq. | we obtain the values 0.08463, 0.08161, 0.078589, 0.078589, 
0.073552, and 0.08161 for e. Our value of R Cu _ Q is 1.908Â, thus e = 0.077582. Since these 
numbers are bigger than the criticai microstrain value, we naively expect a charge ordering 
transition. For Tl-1212 we obtain e = 0.056423, and in case of Cu-1234 we get e = 0.075567. 

IV. CONCLUSIONS 

We have given the results of our measurement of the EXAFS spectra of the three 
compounds Tl-1234, Tl-1212 and Cu-1234. The oscillatory part x{k) of the measured data is 
determined using the program Adal. The theoretical x(k) have been calculated for Tl-1234, 
Tl-1212, Tl-1223 and Cu-1234 using FEFF8.10. Using Ada2.5 we have given preliminary 
results for Cu-O in-plane and apical bonds for the thallium compounds Tl-1212, Tl-1223 
and Tl-1234 and also for Cu-1234. From our estimation of a we have conclude that Tl-1234 
is more disordered than Tl-1212 and Cu-1234. Using the simple criterion for predicting 
charge ordering transition we can see that Tl-1212, Tl-1223, Cu-1234, and Tl-1234 satisfy 
this condition. To obtain a self-consistent standard for the thallium and copper families we 
have to get many more EXAFS measurements and combine it with both XRD and neutron 
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measurements. This can quantify charge ordering in these materials and also can be used 
in combination with electron diffraction to map out charge density distribution in detail 
associated with Cu-O bonds. 
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FIGURES 

FIG. 1. Schematic diagram of the experimental set-up 
FIG 2. Raw EXAFS data for Tl-1234 at 300 K 

FIG. 3. Raw EXAFS data for Tl-1212 at 304-305 K 

FIG. 4. EXAFS data for Tl-1223 at 300 K annealed in nitrogen for 1 hour at tempearture of 
675 °C 

FIG. 5. Raw EXAFS data for Cu-1234 at 304-305 K 
FIG. 6. x{k) calculated with FEFF 8.10 for Tl-1234 system 
FIG. 7. x(k) calculated via FEFF 8.10 for Tl-1212 

FIG. 8. x(k) calculated with FEFF 8.10 for Tl-1223 

FIG. 9. x{k) calculated using FEFF 8.10 with FEFF8.10 with calcium assuming 
-Rmax = 6.5 A for Cu .68 C .32 Ba 2 Ca 3 Cu 4 Ou 

FIG. 10. x{k) calculated using FEFF 8.10 with FEFF8.10 showing the result with [red] and 
without [green] calcium for Cuq.68 C0.32 Ba2 Ca3 CU4 Ou 
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